INTRODUCTION 24
Candida frequently establishes a biofilm lifestyle, proliferating as a multi-cellular 25 community attached to a surface, such as a medical device (21, 32). Adherent and 26 encased in a polymeric extracellular matrix, biofilm cells are phenotypically distinct from 27 free-floating planktonic cells. Not only are these organisms capable of proliferating in 28 healthy hosts by surviving immune factors, they demonstrate increased resistance to 29 commonly used antifungal drug therapies (2, 36, 40, 56). The majority of Candida 30 biofilm infections are associated with placement of medical devices, such as a dentures, 31 venous catheters, or urinary catheters (30). Treatment of these infections remains 32 difficult due to the extraordinary drug resistance exhibited during biofilm growth. 33
Although often costly and inconvenient, device removal is typically required for 34 eradication of infection (49). 35 36
Oral candidiasis commonly occurs in those who are colonized with Candida and have 37 risk factors for development of disease, such as HIV infection, chemotherapy treatment, 38 or antibiotic exposure (64, 68). Local breaks in mucosa caused by mucositis, radiation, 39 and trauma, are also predisposing factors. Oral candidiasis may occur as an acute or 40 chronic illness and can involve the tongue, buccal mucosa, or the palate. The most 41 common form of oral Candida infection, denture stomatitis, is prevalent in the elderly 42 population and affects up to 70% of denture-wearers (59, 67, 71). The condition begins 43
with Candida biofilm growth on the denture-mucosal interface.
Biofilm growth 44
progresses over the denture surface, leading to inflammation of the denture- threaded across the hard palate and secured between cheek teeth of an anesthetized 118 rat to serve as an anchor for the denture material (Fig. 1) . Cheek teeth were etched 119 with uni-etch 32% semi-gel etchant with benazolkonium chloride (Bisco, Inc. 120 Schaumburg, IL) for microretention. A metal spatula was placed over the hard palate to 121
create an approximately 3 x 5 mm area across the palate and less than 1 mm space 122 between the hard palate and denture material. This space was used for Candida 123 inoculation. Cold cure acrylic temporary crown and bridge material (HP MaxiTemp 124 temporary crown and bridge material, Henry Schein, Melville, New York) was applied 125 over cheek teeth and wire to create a surface approximately 8 x 10 mm and 126 approximately 2 mm thick. Material was rapidly shaped with a small spatula to produce 127 a rectangular denture which was allowed to solidify for 5 min after which the spatula 128 was removed. 129 130
Organisms and inoculum.
Candida albicans strains DAY185 and CJN702 131 (bcr1∆/bcr1∆) were used for all studies (17, 44, 45 determine the viable burden of Candida and accompanying oral flora, microbiologic 147 counts were performed on dentures. Devices were placed in 2 ml 0.15M NaCl, 148 sonicated for 10 min, and vortexed. For Candida microbiology, 1:10 dilutions were 149 plated on Sabouraud dextrose agar (SAB) + chloramphenicol 2.5 µg/ml.
For 150 determination of aerobic bacteria, dilutions were plated on Mueller Hinton agar + 151 amphotericin B 2.5 µg/ml. For anaerobic cultures, specimens were passed into an 152 anaerobic chamber (80% N 2 , 10% H 2 , 10% CO 2 ; Coy Anaerobe Products, Ann Arbor, 153 MI) where dilutions were made in prereduced anaerobically sterilized PY (peptone yeast 154 extract; Anaerobe Systems, Morgan Hill, CA) broth and placed on reduced plates of 155 LKV (laked blood with kanamycin and vancomycin), PEA (phenylethyl alcohol agar) and 156 EYA (egg yolk agar) that were incubated in the chamber at 35°C for 5 days (media from9 tests, e.g., catalase, coagulase, PYR (pyrrolidonyl aminopeptidase), and streptococcal 160 grouping (1). Experiments were performed on two to three separate occasions. 161
162
Scanning electron microscopy (SEM). Acrylic devices were processed for SEM as 163 previously described for venous catheters (4). After removal of each the denture, it was 164 washed with phosphate-buffered saline (PBS) and placed in fixative (1% [vol/vol] were sacrificed and the denture was removed, the tongue and palate were dissected. 204
The tissues were fixed in 10% buffered formalin and embedded in paraffin (27) . buffer (50 mM sodium acetate pH 5.2, 10 mM EDTA) and RNA was collected using the 233 hot method as previously described (4, 41). The RNA integrity was assessed using 234
Agilent Bioanalyzer 2100 with a RNA Nanochip before use. primer sets were designed using Primer Express (Applied Biosystems, Foster City, CA) 242 (Table 1) . The QuantiTect probe RT-PCR kit (Qiagen, Valencia, CA) was used in an 243 ABI PRISM 7700 v1.7 sequence detection system (Applied Biosystems) as previously 244 described (4, 41). Reactions were performed in triplicate and analyzed using the C t increasing viable burden of both Candida and bacteria from 6 to 48 h after denture 257 placement and inoculation ( Fig. 2A ). At the 6 h timepoint, < 2 log 10 CFU/device of 258 viable Candida and bacteria were adherent to the device surface. By the final timepoint 259 (48 h), there were approximately 6 log 10 CFU/device of viable Candida and 8 log 10 260 CFU/device of viable bacteria present on each denture, based on microbiologic plate 261 counts. Classification of bacterial organisms suggested the presence of a polymicrobial 262 biofilm consisting of both aerobic and anaerobic organisms (Fig. 2B) . The aerobic gram 263 positive cocci species included Viridans Streptococcus, Enterococcus, and 264 Streptococcus agalactiae. In early studies, Escherichia coli was a prominent species 265 identified. We felt this was likely related to the rodent practice of coprophagy. We 266 attempted to address enteric oral colonization in two ways. First, we administered a 267 broad-spectrum antibiotic (ampicillin-sulbactam) prior to denture placement. Antibiotic 268 treatment resulted in a 10-fold decrease in the number of biofilm-associated bacteria 269 and a 100-fold increase in the C. albicans (Fig. 2C) . For the next experiment, we 270 housed the animals so that coprophagy was not possible, and administered an 271 antibacterial agent with a narrow aerobic gram negative bacterial spectrum of activity, 272
aztreonam. Both conditions were undertaken two days prior to denture placement and 273 on October 2, 2017 by guest http://iai.asm.org/ Downloaded from 14 the housing continued throughout the denture biofilm study. These conditions resulted 274 in a more than 1000-fold reduction in aerobic gram negative rods (3.5 log 10 CFU/device 275 compared to 7 log 10 CFU/device) (data not shown). 276 277 (Fig. 3) . The second set of dyes attempted to image both the Candida and associated bacteria 296 simultaneously. We utilized SYTO 9 staining to image the bacteria attached to the 297 denture and embedded in the biofilm. The utility of the combination of SYTO 9 and 298 calcofluor white in imaging of mixed-species biofilms has previously been demonstrated 299
Denture biofilm imaging. (i) Scanning electron microscopy (SEM)
for Candida and S. aureus biofilms (23). In addition to these dyes we included FUN-1 to 300 visualize live yeast cells. In the multichannel image, bacteria appear yellow and the 301 predominant form was cocci (Fig. 4B) . The clusters were found attached to calcofluor 302 white-stained hyphae and yeast cells which appear blue. 
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The devices of control animals contained approximately 5.3 log 10 CFU/device, while 319 fluconazole treatment decreased the burden by less than 0.5 log 10 CFU/device (to 4.5 320 and 4.8 log 10 CFU/ml for topical and systemic therapy, respectively). Although previous 321 in vitro and in vivo catheter biofilm studies have shown echinocandins to successfully 322 treat these infections, both systemic and topical echinocandin therapy were fairly 323 ineffective in the denture model. Over the 5.3 log 10 CFU/device growth in control 324 animals, treatment with 48 h of topical or systemic micafungin therapy, reduced the 325 viable Candida to 4.8 and 4.7 log 10 CFU/device, respectively. The lack of effect of the 326 systemic micafungin may be a result of reduced drug accumulation in the oral mucosa 327
(70). 328 329
The phenotype of the biofilm dispersed Candida observed was similar to that described 330 from other biofilm models (4, 54). The suspension of biofilm cells remained viable in the 331 presence of concentrations of amphotericin B, fluconazole, and micafungin that far 332 exceeded the planktonic MIC (amphotericin B 0.03 µg/ml, fluconazole 0.5 µg/ml, 333 micafungin 0.015 µg/ml). The biofilm MIC which was defined as the concentration 334 necessary to produced a 50% reduction in the number of viable dislodged cells was 335 >256 µg/ml for each compound. 
Downloaded from
We chose a subset of genes which we had previously found to have increased 342 expression during biofilm formation in an in vivo central venous catheter biofilm model 343 relative to planktonic growth (41). For each of the selected genes, transcripts were 344 more abundant for denture-associated biofilm cells compared to planktonic cells (Table  345 2). While the venous catheter and denture expression studies were not undertaken at 346 the same time, it is interesting that the fold change in expression of this subset of genes 347 during biofilm growth varied as much as 10-fold between the two in vivo biofilm models. oral device, resulting in denture stomatitis and often device malfunction. The device 367 biofilm and associated mucosal inflammation negatively impact a patient's ability to eat 368 and speak. In addition, these mixed species biofilms harbor pathogenic bacterial 369 organisms which commonly cause dental caries and less frequently cause more severe 370 disease, such as pneumonia or endocarditis (14, 61). Biofilm infections in general, 371 including those associated with dentures, are notoriously difficult to eradicate due to 372 associated resistance to both host defenses and anti-infective therapy (13, 26, 56) . 373
374
Here, we adapted a rat denture model to mimic human Candida denture stomatitis, the 375 most common form of oral candidiasis (68). The model was designed to study Candida 376 biofilm formation on the surface of a prosthetic oral device. The model mimics human 377 denture stomatitis in terms of Candida biofilm formation, host factors, and anatomic 378 location. The ecologic niche for denture stomatitis, the oral cavity, is similar between 379 rats and humans in terms of salivary flow, host immune response, and host salivary 380 proteins. The role of saliva in Candida adhesion is complex (18, 42, 43 ). Saliva has a 381 physical cleansing effect and innate immune defense components, including lysozyme, 382 histatin, lactoferrin, and IgA, which can act to decrease colonization and adherence (18, 383 51).
However, saliva proteins, such as mucins, may also facilitate adherence by 384 absorbing to Candida or coating the oral device. Fully incorporating the impact of the 385 numerous and complex component makeup of saliva on biofilm formation is difficult to 386 accomplish without use of an in vivo model. 387
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Compared to other commonly used laboratory animals, we found several advantages to 389 employing a rat for the denture stomatitis model. Unlike smaller animals, such as mice, 390 rats have a larger oral cavity, easing denture placement. However, rats are much less 391 expensive and easier to maintain than larger animals, such as primates (59). The 392 current model has the advantage of not requiring a mold for manufacture of a preformed 393 device (48, 59). With this technique, the device can be constructed directly in the oral 394 cavity and has the benefit of a well-fitted apparatus. One limitation of this method of 395 placement is a small amount variability (less than 10%) in size among the devices. 396 397 Using this model we found histopathologic changes consistent with candidiasis and 398 acute denture stomatitis. Similar to previously described mucosal models, we observed 399 hyphal invasion of the epithelial layer and inflammation marked by polymorphonuclear 400 cells (48, 59). Unlike models with prolonged mucosal or device infection, epithelial 401 atrophy was not identified, perhaps due to the relatively short duration of the current 402 studies (48). Future investigation, including a prolonged time course, may be of interest 403 for examination of the histopathology of chronic denture stomatitis. Given the animal 404 tolerance to the denture model, longer studies should be feasible. In addition, this 405 model should be useful for examination the host response to biofilm infection, through 406 histopathological comparisons of animals with mixed biofilm infections versus single 407 species biofilms or by study of the response to genetically manipulated strains. were directly compared between in vivo denture biofilm conditions and planktonic 437 conditions (Table 2) Streptococcus, Staphylococcus, and anaerobes, but molecular analysis of denture 470 biofilms from patients with stomatitis identified over 50 bacterial species involved in the 471 process (11, 53). Interestingly, the bacterial species found on the dentures of patients 472 with stomatitis appear distinct form those adherent to the dentures of healthy patients. 473
The impact of bacterial microflora during development of denture stomatitis has not 474 been fully explored, but investigations have begun to examine the interaction between 475
Candida spp. and bacteria in mixed biofilms. Candida has been reported to form mixed 476 biofilms with both Staphylococcus and Streptococcus during denture and catheter 477 infection (6, 66). These bacterial species have been shown to interact with Candida, 478 on October 2, 2017 by guest http://iai.asm.org/ Downloaded from and in some instances impact adhesion and antimicrobial susceptibility (2, 23). The 479 current denture model provides ideal tools for examination of mixed biofilms. 480
481
The intricacies of the bacterial-fungal interaction highlight the importance of the oral 482 microflora during denture placement. One potentially important difference between the 483 oral cavity of rodents and humans is the higher burden of enteric flora present in the 484 mouth of rodents due to coprophagy. We found the rat oral cavity to harbor many gram 485 negative organisms, presumably linked to this behavior. To inhibit growth of these 486 organisms and more closely mimic human denture stomatitis, we treated the animals 487 with a broad spectrum antibiotic prior to denture placement and housed animals in 488 metabolic cages with wire cage floors. In a subset of experiments, animals were treated 489 with an antibiotic specific to gram negative organisms and were housed in a tube which 490 did not allow the animal to turn in place (15). These conditions greatly decreased 491 coprophagy and the burden of gram negative organisms. We considered the possibility 492 of using gnotobiotic, germ-free animals and colonizing a subset of animals with 493 pathogens typical of human denture stomatitis. However, we currently do not have a 494 gnotobiotic facility and at this time the cost would be prohibitive. 495
496
In conclusion, these studies indicate the utility of the denture model for testing the 497 impact of gene products, studying biofilm architecture, and examining biofilm drug 
